The cold dark matter model predicts that dark matter haloes are connected by filaments. Direct measurements of the masses and structure of these filaments are difficult, but recently several studies have detected these dark-matter-dominated filaments using weak lensing. Here we study the efficiency of galaxy formation within the filaments by measuring their total mass-to-light ratios and stellar mass fractions. Specifically, we stack pairs of Luminous Red Galaxies (LRGs) with a typical separation on the sky of 8h −1 Mpc. We stack background galaxy shapes around pairs to obtain mass maps through weak lensing, and we stack galaxies from the Sloan Digital Sky Survey (SDSS) to obtain maps of light and stellar mass. To isolate the signal from the filament, we construct two matched catalogues of physical and non-physical (projected) LRG pairs, with the same distributions of redshift and separation. We then subtract the two stacked maps. Using LRG pair samples from the BOSS survey at two different redshifts, we find that the evolution of the mass in filament is consistent with the predictions from perturbation theory. The filaments are not entirely dark: their mass-to-light ratios (M/L = 351 ± 87 in solar units in the r-band) and stellar mass fractions (M stellar /M = 0.0073 ± 0.0020) are consistent with the cosmic values (and with their redshift evolutions).
INTRODUCTION
One of the predictions of the Λ cold dark matter (ΛCDM) model is the formation of web-like structures on large scales, the so-called "Cosmic Web" (Bond et al. 1996) . These can be seen in N-body simulations (e.g. Springel et al. 2005; Vogelsberger et al. 2014) , or observationally, though the maps of galaxy distribution probed by redshift surveys such as 2dFGRS (Colless et al. 2003) , SDSS (Tegmark et al. 2004 ), 2MASS (Huchra et al. 2012) , or by VIPERS (Guzzo et al. 2014 ) at higher redshift. One of the most prominent features of the Cosmic Web are the filaments: moderately overdense regions that connect two massive dark matter haloes. While filamentary structures have been traced by galaxies, their dark matter properties remain poorly understood observationally. N-body simulations can be used, however, to predict the properties of filaments. Filament candidates can be identified by extracting pairs of massive haloes in high-resolution N-body simulations (e.g. Colberg et al. 2005; Higuchi et al. 2014) . Other methods have also been developed for detecting and mapping the filamentary structures, and all methods confirm that the most massive haloes reside at the intersection of filaments (the so-called knots) and that, apart from the E-mail: t65yang@edu.uwaterloo.ca † E-mail: mike.hudson@uwaterloo.ca ‡ E-mail: nafshordi@pitp.ca knots, filaments are the most massive and densest structures (see Libeskind et al. 2018 , for a brief review.).
Weak gravitational lensing (WL) is the most promising way to measure the dark matter content of filaments. In WL, a foreground matter distorts ("shears") the shapes of background galaxies. The Kaiser & Squires (1993) algorithm can be used to convert the measured shear field into a map of the projected mass density. Using this principle, Dietrich et al. (2012) reported a filament connecting Abell 222 and Abell 223 supercluster. Jauzac et al. (2012) found a 3σ filament detection in the massive galaxy cluster field MACS J0717.5+3745. Less massive filaments, such as those between group-mass haloes, have too low a density contrast to detect individually, and so a measurement is only possible for a stacked ensemble of filaments. One way to identify filaments is to use pairs of luminous red galaxies (LRG) . LRGs are red early-type galaxies that are selected based on their colours and magnitudes (Eisenstein et al. 2001; Dawson et al. 2013) . Most LRGs reside in the centres of group-mass (∼ 10 13 M ) dark matter haloes (Mandelbaum et al. 2006; Parejko et al. 2013) . Clampitt et al. (2016) reported a 4.5σ detection of filaments after stacking 135,000 LRG pairs selected from SDSS DR7 (Kazin et al. 2010) . Epps & Hudson (2017) mapped the filament by stacking ∼ 20,000 LRG pairs selected from Baryon Oscillation Spectroscopic Survey (Eisenstein et al. 2011; Dawson et al. 2013, hereafter BOSS) and the background source galaxy ellipticities from CFHTLens (Miller et al. 2013; Erben et al. 2013 ).
Subsequently, WL detections of the stacked filaments between LRG pairs have been reported by a number of authors (e.g. Kondo et al. 2019; Xia et al. 2019) .
While there have now been both studies of the luminous content of filaments and of their dark matter content, to our knowledge there have been no attempts to measure both simultaneously in a consistent way and interpret the results therefrom. One way to quantify this comparison is the mass-to-light ratio (or the stellar-tototal mass ratio) of filaments. This is of interest for several reasons. It is well known, both from abundance matching (Marinoni & Hudson 2002; Yang et al. 2007; Behroozi et al. 2010 Behroozi et al. , 2013 Wechsler & Tinker 2018) and from weak lensing, dynamics and X-ray studies (Parker et al. 2005; More et al. 2009; Sheldon et al. 2009; Hudson et al. 2015; Kravtsov et al. 2018) , that the mass-to-light and the stellar-to-total-mass ratios depends on halo mass. Specifically, the mass-to-light ratio is a minimum (and the stellar-to-total-mass ratio is a maximum) for haloes with masses around 10 12 M . Since the abundance of haloes, i.e. the halo mass function, also depends on environment, being different in filamentary environments than in knots (Libeskind et al. 2018) , the mass-to-light ratio in a filament is likely to reflect this dependence and therefore may be different from the global mean. Of course, it is also possible that the filament environment affects the mass-to-light ratio of haloes at fixed halo mass. The goal of this paper is to measure the mass-to-light and stellar-to-total-mass ratios, as a first step towards understanding these effects.
This paper is structured as follows: in Section 2, we discuss the data selection of LRG pairs and source galaxies, where LRGs are selected from BOSS and ellipticities of source background galaxies are taken from CFHTLenS. In Section 3, using weak lensing data, we reproduce the 2D projected mass maps for stacked filaments following the methodology presented in Epps & Hudson (2017) . In Section 4, adopting the same LRG pair selection, we then stack the galaxy light and calculate the average luminosity of filaments. We present the resulting 2D projected luminosity density map and measured luminosity of stacked filaments in Section 4.3. We compare our M/L measurements for filaments with other literature in Section 5. In Section 6, we summarise our results and draw conclusions. Throughout this work, we assume a ΛCDM flat cosmological model and the relevant cosmological parameters are adopted as follow: Ω m,0 = 0.3, Ω Λ,0 = 0.7 and h ≡ H 0 /(100 km s -1 Mpc -1 ) = 0.7.
DATA
Filaments are the bridges between galaxy groups and clusters, but only pairs that are relatively close to each other are expected be connected by filaments. As LRGs are considered to be good proxies for rich groups (Mandelbaum et al. 2006) , we first focus on the selection of LRGs in Section 2.1. Pairs of LRGs that are close in redshift are referred to as physical LRG pairs, and these are used to identify filaments. Furthermore, to isolate the filament signal, we also need a control sample of pairs that are not physically connected (close in redshift), which are referred to as non-physical (projected) pairs. The criteria for the pair selection are outlined in Section 2.2.
LRG selection
To study the filaments between physical LRG pairs, accurate LRG redshifts are necessary. Here, we use the spectroscopic redshifts provided by SDSS-III/BOSS to select LRGs. BOSS is a spectroscopic survey covering over 10,000 square degrees derived from the SDSS imaging, including the spectra and redshift measurements for 1.5 million galaxies with redshift z < 0.7. A full description and summary of the survey are provided in Eisenstein et al. (2011) and Dawson et al. (2013) .
The weak lensing signal from the filament connecting a single LRG pair is weak and very noisy, so we stack LRG pairs together to enhance the significance of detection. Therefore, we extracted all object redshifts from 0.15 to 0.7 that are flagged with SourceType = "LRG" and Z_NOQSO>0. In order to investigate how the properties of filaments evolve with redshift, the whole LRG sample is further divided into two independent redshift bins: LOWZ and CMASS. In BOSS, LOWZ (low redshift) aims to selecting galaxies at lower redshift with coverage 0.15 < z < 0.43 and CMASS (constant mass) is designed to select galaxies within 0.43 < z < 0.7. In SDSS DR14, LRGs which satisfy with the LOWZ or CMASS criteria are flagged with "GAL_LOZ" or "GAL_CMASS_ALL" respectively. From now on, we shall have three samples available for further analysis: the whole BOSS sample including all LRGs from z = 0.15 to 0.7, and the LOWZ and CMASS subsamples.
LRG physical and non-physical pairs
For consistency with Clampitt et al. (2016) and Epps & Hudson (2017) , physical LRG pairs are constructed by selecting pairs that have redshift separation ∆z sep < 0.002 and projected 2D R separation within 6h −1 Mpc R sep 10h −1 Mpc. They are physically "real" pairs as they are not only close in projection, but are also close in redshift space. In other words, two LRG haloes with such a small redshift separation are expected to be connected by filament.
To isolate the mass associated with the filament (as opposed to mass that may be clustered with LRGs), we also define a catalogue of non-physical LRG pairs. Non-physical LRG pairs, which are close in projection only, are selected by the same R sep projection criterion as for physical LRG pairs but with larger redshift separation: 0.033 z sep 0.05. Galaxy groups/clusters which have this amount of separation in the redshift space are unlikely to have filaments between them, so the signal from non-physical pairs only yields the contribution from two isolated LRG haloes. Therefore, the residual signal from the filament should remain after the subtraction between the stacked maps of physical and non-physical pairs.
LENSING MASS MAP
Following the procedures outlined in Epps & Hudson (2017) , in this section, we reproduce the 2D stacked surface mass density map of physical and non-physical LRG pairs using weak gravitational lensing. A major difference between our study and Epps & Hudson (2017) is that we also repeat the same analysis with BOSS LOWZ and CMASS subsamples separately. We begin with the LRG pair and lensing source galaxies selection in Section 3.1 and 3.2. We present the procedures for the generation of lensing map in Section 3.3. Then we summarise and discuss the lensing results in Section 3.4.
Lensing pair selection
The physical and non-physical pairs are selected based on the criteria outlined in 2.2. However, some extra position cuts need to be included. The lensing map is derived from ellipticity measurements from CFHTLens survey, so only LRGs in the regions of sky covered by CFHTLens survey are selected. This yields 15,254 LRG physical pairs in total, with a mean redshift <z pair > ∼ 0.47, a mean 2D projected distance <R sep > ∼ 8.10h −1 Mpc and a mean critical density Σ crit = 3471M /pc 2 . For the LOWZ sample, there are 2,752 LRG physical pairs with <z pair > ∼ 0.30, <R sep > ∼ 8.10 h −1 Mpc and Σ crit = 3320M /pc 2 , and for the CMASS sample, there are 12,497 LRG physical pairs with <z pair > ∼ 0.52, <R sep > ∼ 8.04 h −1 Mpc and Σ crit = 3565M /pc 2 .
Lensing source galaxies
The weak lensing source galaxies are selected from the CFHTLenS catalogues. CFHTLenS is derived from the Wide component of the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS) and covers 154 square degrees including the photometric information from five optical bands (u * , g', r', i', z') in four patches: W 1 − W 4 , where W1, W3 and W4 have substantial overlap with BOSS over an area of approximately 100 deg 2 (Miyatake et al. 2015) . The galaxy shape measurements are from the lensfit algorithm and the photometric redshifts are obtained using the Bayesian Photometric Redshift code with a scatter of σ z ∼ 0.04(1 + z). General information about the data reduction and the survey design can be found in Heymans et al. (2012) and Erben et al. (2013) , and a detailed description of the determination of the ellipticity and redshift measurements are presented in Miller et al. (2013) and Hildebrandt et al. (2012) respectively.
Based on the criteria outlined in Hudson et al. (2015) , we select all source galaxies from unmasked regions with reliable photometric redshift measurements (0.2 < z p < 1.3) and with FITCLASS=0. Only galaxies with weight > 0 are used. This selection yields approximately 5.6 × 10 6 background sources. We use source galaxies that have photometric redshifts greater than 0.1 of that of the LRG pair, in order to avoid contamination by intrinsically-aligned "source" galaxies within the filaments themselves.
Method
As is the case with galaxy-galaxy lensing, it is necessary to stack LRG pairs to extract a statistically significant signal. Lensing by LRG pairs, however, is more complicated than lensing by single galaxies because the pairs are not circularly symmetric. Furthermore, LRG pairs have random orientation angles on the sky and each galaxy pair has its own projected separation. Therefore we need a coordinate transformation to normalise the position of each LRG pair in order to compare and stack the lensing signals. To achieve this, we follow the procedure outlined in Epps & Hudson (2017) . First, all LRG pairs are rotated with respect to their centres such that the two LRGs lie along the x-axis in the new coordinate system. Then, pairs are rescaled by their 2D projected separation and the coordinate of individual LRG is transformed to (x L , y L ) = (-0.5, 0) and (x R , y R ) = (0.5, 0), where L and R denote left and right. Finally, all LRG pairs are stacked together. The coordinate transformation of the source galaxies follows the same procedure. Following this procedure, the shear map can be generated by stacking the ellipticities of the background source galaxies.
The resulting shear map, however, is difficult to interpret. Therefore, we convert the shear map into a convergence map, which is directly proportional to the surface mass density of the field, using the method of Kaiser & Squires (1993) . With the convergence map, we can subsequently evaluate the residual surface mass density of the central region after subtracting the physical and non-physical maps.
Lensing results
The projected surface mass density maps are shown in the top panel of Figure 1 , with the left panel demonstrating the map reconstructed by using physical pairs connected by a central filament. The top right panel shows the projected surface mass density around non-physical pairs. In contrast with the physical pairs, there is no obvious filamentary structures between them. The excess projected surface mass density after subtraction is in the bottom panel with a rectangular box showing the region used for the mass measurement of the filaments. The proper size of the filament box is ∼ 7.0 h −1 Mpc × 2.4 h −1 Mpc, following Epps & Hudson (2017) . The size of the box is the projected R sep after averaging all LRG pairs, and it has excluded a region extending to 3 r 200 around the LRG haloes.
The uncertainty in the measured filament mass is mainly due to "shape noise". We quantify this by first defining the variance of the shear in a given pixel at location (x, y) in the new coordinate system, γ(x, y), is as follows:
(1) where (1 + K) is an additional multiplicative correction for the shear (Miller et al. 2013 ). The sum is taken over all source galaxies j that belong to a pixel, then sum over all LRG pairs, l. The scatter for a single lens-source pair l j is σ 2 e l j = σ 2 int (w/w max ) , where w is the weight assigned to each galaxy from lensfit algorithm. The intrinsic scatter, σ int , and the maximum weight, w max , are two constants taken as 0.28 and 16 respectively in CFHTLens survey. Σ l Σ j ∈(x,y) W l j is equivalent to
as defined in Hudson et al. (2015) while calculating the shear. Then, this artificial scatter representing the shape noise is drawn from a Gaussian distribution with N(0, σ 2 γ (x, y)) and then added to the calculated shear value per pixel. This noise is propagated to the subsequent convergence calculations and finally to the subtraction between the two maps. After repeating the above procedure 1000 times, the average value and dispersion of the mass distribution measured from the enclosed box are taken as the final result.
The enclosed mass of the filament in the rectangular box is (4.25 ± 0.91) × 10 13 M , which is a detection at the ∼ 4.5σ significance level. Another empirical way of estimating the variance of the excess mass is to place boxes of the same dimensions on the resulting excess convergence map. Specifically, boxes are chosen with identical size of the filament region (0.86 × 0.30 in the standardized coordinates), and they are placed in the region between ± 4 along the x axis and ± 4 along the y axis. A square centred at (0,0) with an area of 4 are excluded in order to avoid the filament region. There are 210 such boxes, and the standard deviation of the excess mass is 1.30, which is larger than but still comparable to the uncertainty estimated from the shape noise. A histogram of the masses in these boxes is shown in the bottom right panel of Figure 1 , where the blue dashed line shows the measured mass of the filament within the rectangular box in the centre.
The filament mass above is more than a factor two larger than found by Epps & Hudson (2017) from the same data. If instead we compare the mean convergence κ within the box, our values are similar to those of Epps & Hudson (2017) , suggesting that there is no significant difference in the basic analyses. However, we note that Epps & Hudson (2017) quotes a critical surface mass density of 1640M /pc 2 , whereas we find 3471M /pc 2 for LRG pairs at the same mean redshift. These two values can be reconciled if the one from Epps & Hudson (2017) is actually in units of solar masses per square comoving parsec. If this was erroneously multiplied by the area of the box in proper Mpc, this would account for most of the discrepancy.
To measure the evolution of the filament mass with redshift, we perform the same mass measurement and uncertainty calculation for the LOWZ (0.15 < z LRG < 0.43) and CMASS (0.43 < z LRG < 0.70) subsamples separately. For the same filament box, we find (4.85 ± 1.36) × 10 13 M for the LOWZ sample and (3.65 ± 1.20) × 10 13 M for the CMASS sample. At face value, the observed mass of the filament appears to decrease with the increasing of redshift, although the difference is not statistically significant. Theoretically, the scaling of the filament mass with redshift can be predicted from evolution of the three-point correlation function which depends on the bispectrum whose evolution should scale like square of the linear growth factor (Clampitt et al. 2016; Epps & Hudson 2017; Wang et al. 2019 ). The redshift scaling is shown in Figure 2 , after fixing the normalization to agree with the mean filament mass at the mean filament redshift. Although the uncertainties are large, the data are consistent with the predicted redshift scaling.
Recently, Xia et al. (2019) claimed a 3.3 σ level detection of an anisotropic shear signal from the filament using only LOWZ LRG pairs, but combining shapes from KiDs+VIKING-450 Survey (KV450), the Red Cluster Sequence Lensing Survey (RCSLenS) and the CFHTLenS. In their study, the selection criteria for filament candidates are slightly different from ours. They select all pairs with 2D projected separation 3h −1 Mpc R sep 5h −1 Mpc (instead of 6h −1 Mpc R sep 10h −1 Mpc as adopted by this study). Using the same method as presented above, we re-run the analysis to measure the mass of the filament from our data using their LRG separation criteria. We find M 3−5 = 4.35±1.35×10 13 M . The mass measured from their study is M Xia+ = 6.7 ± 3.1 × 10 13 M , but this mass is obtained by fitting a power law density profile to the filaments. Colberg et al. (2005) studied filaments in N-body simulations and found that, in cylindrical coordinates aligned with the filament axis, the density profile has a core and then falls like r −2 at large radii. However, Mead et al. (2010) modelled the projected convergence map of the filaments with the same functional form:
and Xia et al. (2019) used this model in their work. Their filament mass is defined by integrating the profile in the direction perpendicular to the filament from 0 to infinity, and along the filament over a range of length R sep yielding a mass of πr c,2d R sep F c . In our analysis, the integration is conducted in a projected rectangle, where the height of the rectangle is 0.30R sep and the length is 0.86R sep . We use their best-fit parameters of the density profile (presented in column "All" in their Table 3 ) and calculate the expected mass ratio between their measurement and ours as
where the value of R sep is adopted as 4h −1 Mpc. Thus given the differences in definition, we expect our mass to be 54% of theirs and we measure a ratio of 0.65, and so we conclude these are consistent.
MAPS OF LIGHT AND STELLAR MASS IN THE FILAMENT
In this section, we turn to the luminosity and stellar mass of the filament, which is the main focus of this work. Our method for measuring the light and stellar mass maps are similar to the construction of lensing map: we will stack galaxy luminosity for physical and non-physical pairs and subtract them to isolate the excess light associated with the filament. However, there are some subtle differences between these two situations. In Section 4.1 and 4.2, we discuss the LRG pair selection and galaxies used in the construction of the light map. In Section 4.3, we demonstrate our 2D projected luminosity and stellar mass density map. In Section 4.4, we present our method of measuring the total light content of filaments and some discussions on the results.
LRG pair selection for the light map
In addition to the z sep and 2D R sep selection cuts mentioned in Section 2.2, to enhance the actual filament signal and suppress the background noise, for the light and stellar mass maps, we select all the LRGs within region 120 • RA 230 • , 10 • Dec 60 • , rather than restricting ourselves only to the CFHTLenS area. From the whole BOSS redshift coverage, there are 448,314 LRG pairs The lensing map was constructed by taking an ensemble average of the galaxy shapes over all LRG pairs. Notice that the number of galaxies entering into the average does not bias the result, although it does affect the noise. Consequently, the weak lensing mass map is not affected by incompleteness in the source catalogue. In contrast, for the light map, it is necessary to count precisely the number of galaxies per LRG pair located in each area of the map. Furthermore this counting is done in rescaled-coordinates, and a given unit area will subtend a larger area on the sky for an LRG-pair at lower redshift or if R sep is larger. This means that in order that the physical and non-physical light maps are comparable, the redshift and 2D R sep distribution of two LRG-pair catalogues need to be as close as possible. In general, the non-physical pairs are randomly distributed, so the count of the non-physical pairs should increase linearly as a function of R separation, but this is not the case for the physical LRG pairs (which are clustered). Therefore, there is a higher fraction of non-physical pairs at large R separation bins than those of physical pairs, which would lead to differences in the mean galaxy number density between the physical and non-physical projected maps. To correct this, we apply a one-to-one match between physical and non-physical pairs based on their redshift and 2D projected separation by finding all non-physical pairs, where the difference ∆ between the physical and non-physical pairs, limited to ∆z < 0.01 and ∆R sep < 0.2, and only keeping the one with the smallest ∆R sep .
In this way, we generate a catalogue of non-physical pairs which has approximately the same redshift and R sep distributions as physical pairs, ensuring that the mean foreground/background level projected in the same filament box is comparable.
Photometric galaxy catalogue for the light map
To produce a stacked light map, we use galaxies from the SDSS catalogue. Specifically, the photometric catalogue was constructed by cross-matching GalaxyTag and PhotoZ in SDSS DR14 (Beck et al. 2016) . Galaxies that are marked with photometry flag CLEAN = 1, bestFitTemplateID > 0 and z photo > 0 are selected. The first criterion ensures the reliability of the photometric measurements, and the last two criteria are used to remove bad measurements. We include all galaxies with r-band cmodel magnitude brighter than 21.5. Note that, for LRG pairs located close to the boundaries on the sky of the photometric catalogue, photometric galaxies are only available on one side of the pair but lacking on the other side. To avoid this edge effect, the sky coverage of the source galaxies is chosen to be slightly larger (∼ 8 degree) than the coverage of LRG spectroscopic catalogue. This yields a sample of 29,703,867 galaxies in the r band.
In order to investigate the colour of the galaxies in the filament, we also conduct the same analysis in the g-band, and the selection criteria for the photometric data are identical except for the choice of apparent magnitude limit which is set to 22.5 1 . These magnitude limits corresponds to approximately 50% completeness for each band.
To compute the luminosity of a galaxy, we use the SDSS P table which contains z photo , spectral type, and Kcorrections for all primary objects flagged as galaxies. The photometric redshifts are determined using the "empirical method" as discussed in Beck et al. (2016) . The K-corrections are based on the best-fitting spectral template from Dobos et al. (2012) for each galaxy at its photometric redshift.
The luminosity is then L0.1 n /L , 0.1 n = 10 (M , 0.1 n −M 0.1 n )/2.5 ,
where M0.1 n = m n − DM(z photo , Ω m = 0.3, Ω Λ = 0.7, h = 0.7) − K0.1 n , (6) DM = 5 log 10 (D lum /10 pc) and where n refers either to the 0.1 ror the 0.1 g-band. We adopt these shifted bands to make the later comparison with SDSS literature results simpler.
Having calculated the luminosity, the stellar mass of a galaxy can be obtained from the stellar-mass-to-light ratio, M stellar /L0.1 r . As mentioned previously, for the galaxies in the P Table, each galaxy is matched with a best-fitting template from which physical parameters, such as M stellar /L0.1 r , are also estimated (Dobos et al. 2012 ).
There are 53,453 galaxies (approximately 0.2% of the total sample) with calculated luminosity or stellar mass greater than 1 × 10 12 L or 1 × 10 12 M for both r and g band. We assume that most of these are due to catastrophic failures of the photometric redshifts and discard them from the samples.
Light and stellar mass maps
We then stack the luminosities (or stellar masses) of SDSS galaxies around ∼ 450,000 LRG pairs, and subtract non-physical pairs from the physical pairs to produce the observed excess luminosity and stellar mass density per LRG pair shown in Figure 3 and 5. Here, we only show the results obtained from the total (LOWZ + CMASS) sample as this is less noisy. The left hand panels show the 2D projected map, where the rectangular box delineates the size of projected filament region. The values of ∆Σ L and ∆Σ M stellar computed from the central filament box are (0.68 ± 0.04) × 10 11 L , 0.1 r and (1.91 ± 0.09) × 10 11 M , where the errorbars are evaluated from the covariance matrix described below. To further show the significance of our measurements, on the right panels of both plots, we plot the averaged excess luminosity and stellar mass density as a function of the x coordinate: for each x, we averaged ∆Σ L (∆Σ M stellar ) along the y-axis. There is a highly significant detection of light and stellar mass in the filament region.
These maps show the "dumbbell" structure expected from the three-point correlation function, as calculated in Clampitt et al. (2016) and Epps & Hudson (2017) : the excess light peaks at the locations of the LRG haloes, with a filament connecting them. Furthermore, the filament extends beyond the two LRG haloes, albeit at lower density. These maps are significantly less noisy than the WL mass maps due primarily to the much larger number of LRG pairs used.
We then further compare our observations to the 3D density profile suggested by Colberg et al. (2005) , which can be modelled as:
To fit the data, we compute the projected 2D density profile of Equation 7 using the Abel transform, which is given by:
where a constant is added to the 2D profile in order to account for the negative values that appear in the observations at large y. Note that the addition of a constant to the 2D profile does not change the original form of 3D profile from the Abel inversion. The averaged excess luminosity surface density as a function of the y coordinate is shown on the left panel of Figure 4 : ∆Σ L is averaged along the x-axis for each y. The surface density is decreasing and becomes roughly constant at large y. Data points are fitted using Equation 8. The best-fit line and its standard deviation are over-plotted on the same figure, where the best-fit parameters are ρ 0 = 5.25 ± 0.90 × 10 9 L /h −3 Mpc 3 , r c = 0.47±0.07h −1 Mpc and const = 1.04±0.20× 10 9 L /h −2 Mpc 2 . Note that ρ 0 and r c are highly anti-correlated (with a value of correlation coefficient ∼ -0.93). The right panel shows the profile of excess luminosity volume density along the cylindrical r axis in log-log scale. The black solid points are obtained by Abel-transforming the observed 2D data using PyAbel package.
To estimate the uncertainties of the transformed data points, at each point of y in 2D, a point is drawn from a Gaussian distribution with N(∆Σ L , σ ∆Σ L ), where σ ∆Σ L is taken from the diagonal elements in the covariance matrix. The above procedure is repeated 1000 times, and the resulting average values are shown as black solid points, with black error bars representing the standard deviations. Assuming a constant mass-to-light ratio, we can further compute the best-fit 3D mass by integrating the 3D luminosity profile. The resulting excess 3D mass is M fil,3D = 3.40×10 13 M . Then, as-suming that the filament is a cylinder of length 8 h −1 Mpc 2 and radius 1.2h −1 Mpc, the corresponding excess density within the cylinder is δ = M fil,3D /M b ∼ 2.5, where M b is the background mass estimated at z = 0.44 within the cylinder.
Total luminosity and stellar mass in the filaments
The simple analysis discussed in the previous section, while useful for highlighting the spatial structure of the filament, has disadvantages for estimating the total light in the filament, due both to the flux limit of the SDSS r-band data, as well possible outliers in the photometric redshifts. We now discuss an alternative method that is less sensitive to these issues.
In order to measure the total light, within the 2D projected filament box, we fit a Schechter function to the excess galaxy counts (per LRG pair) as a function of apparent magnitude. This allows us to compute the total luminosity by integrating over the best-fitting Schechter function. Unlike the luminosity/stellar mass map, excess galaxy number counts do not depend on photometric redshifts. We follow the same selection criteria and corrections for the construction of physical and non-physical LRG pairs catalogue. The number of galaxies is then divided into 100 equal-sized apparent magnitude bins from 15 to 21.5 (15-22.5 for 0.1 g band), and subtraction gives us the observed excess number as a function of magnitude.. Then the best-fit parameterization of the Schechter function can be obtained by comparing the observation with forward-modelled predicted counts. In each apparent magnitude bin, the predicted galaxy number for a given LRG pair can be computed via a Schechter function (Schechter 1976) by
where α is the slope of the luminosity function and L is the characteristic galaxy luminosity. The upper and lower luminosity limits in the integral can be computed with Equation (6) based on the distance modulus and K-corrections of the filament galaxies. Because the spectroscopic redshifts of the LRG pairs are known, we assume the redshifts of the galaxies in the filaments are identical to that of their host LRG pair. For the K-correction, we make a histogram of the excess number of galaxies in the filamentary box as a function of K-correction, then the weighted average of the distribution is our final choice of K-correction. Finally, we average over the redshifts of the LRG pairs. Note that the normalization factor defined here is different from the usual pre-factor in the Schechter function. To make the normalization factor more physical, we further define n as the ratio between the total integrated luminosity and L :
where L tot is the total luminosity and index from the MCMC fits (as discussed below). L is calculated by using the best-fit M from MCMC.
Comparing the model to the observation, there are three different parameters to be determined: the normalization factor, φ , the slope, α, and the characteristic galaxy absolute magnitude, M . To 2 Note that this length is slightly longer than the 2D projected length (0.86×8h −1 Mpc) in order to account for the tilt of the cylinder axis with respect to the plane of the sky. find the best-fitting set of parameters, we define the following χ 2 : 11) where N obs (m) is the actual observation and N mod (m) is the expected number per pair in each apparent magnitude bin integrated using Equation (9) and C is the sample covariance matrix. To compute the covariance matrix, for each LRG pair, we record the excess number of galaxies as a function of apparent magnitude in the central rectangular region. There are N pair observations in total, and these observations are treated as input of the numpy.cov function, which is used for calculating the covariance matrix. We then use the best-fitting parameters to compute the total light by integrating the Schechter function over luminosity from 0 to ∞.
To obtain the best-fit parameterizations of the Schechter function, we use the Markov chain Monte Carlo (MCMC) method. More specifically, we use the online Python package (Foreman-Mackey et al. 2013) with the likelihood function defined in Equation (11) . For the fit, we assumed flat priors for all three parameters: 0.01 < φ < 5.0, −24.0 < M < −19, −2.0 < α < −0.01 (when α −2.0, the luminosity integration diverges). The sampler was run with 30 walkers, each with 500 steps. We discard the first 150 burn-in steps, which leaves a MCMC chain with a shape of 10500 samples. Figure 6 shows the observed excess number per LRG pair in the filament box as a function of apparent magnitude. Error bars in the observations are taken from the diagonal elements in the covariance matrix. The best-fit Schechter function and its uncertainty, calculated by using 50 randomly chosen MCMC samples, are also shown. The observed number at bright magnitudes fluctuates around zero, consistent with the behaviour of luminosity function. Error bars in the CMASS measurements are smaller than the error in LOWZ sample because there are more pairs in the CMASS sample, although the LOWZ sample spans a greater range in magnitude. The best-fit parameters for the LOWZ and CMASS samples are summarised in Table 2 3 . The nominal values and uncertainties of the three fitted parameters are approximated by the average and standard deviation calculated from MCMC samples. Similarly, we compute the total luminosity and its uncertainties using the correlated parameters from the MCMC samples. The total stellar mass, M stellar,total , is computed by multiplying the total luminosity with the observed M stellar,observed /L observed from the 2D map.
Notice that, for the CMASS sample, the degeneracy of the three parameters is significant. This is due to the flux limit of the SDSS imaging and the depth of the CMASS LRGS, by which only the bright part of Schechter function can be observed. This degeneracy could be broken with a deeper dataset, or more simply, using lowredshift sample (LOWZ).
Finally, we consider the stellar populations of filament galaxies, as estimated via their mean colour, as determined from the luminosities in different bands, as follows:
where the luminosity is measured in solar units, the magnitude of the Sun are M , 0.1 g = 5.45 and M , 0.1 r = 4.76 (Blanton et al. 2003) , and uncertainties in the colour are propagated from the total luminosity errors. The results for different sample catalogues are summarised in the last column in Table 1 .
DISCUSSION
With the measurements of M total , M stellar,total and L total obtained in a consistent way, we calculate the total-mass-to-light ratio and the stellar-mass-to-total-mass ratio. The results are in Table 1 , and shown in Figure 8 . Within the uncertainties there is no significant evolution of either ratio from z = 0.33 to z = 0.53. First, we compare our results with the universal average massto-light ratio from Loveday et al. (2015) . Using GAMA-II galaxy sample, they estimated the comoving luminosity density evolution in the 0.1 r band over the redshift range 0.002 < z < 0.65. Based on their results, the calculated M/L evolution as a function of 
L0.1 r (4) redshift is shown in the left panel of Figure 8 , where we have adopted a comoving matter density, for Ω m,0 = 0.3, of ρ m = 4.09 × 10 10 M Mpc −3 . At z = 0.33, their model predicts M/L = 208 ± 26, and at z = 0.53 the ratio is 143±18. Our result is slightly higher than the universal average suggesting filaments are darker than the Universe as a whole. The M stellar /M as a function of redshift is illustrated in the right panel of Figure 8 . For comparison, we also over-plot the results obtained by Moustakas et al. (2013) and Wright et al. (2018) . As can be seen from this figure, the stellar mass fraction values and their redshift evolution obtained in our study are consistent with the results found in both of these papers.
With regards to the colour of the stellar populations of filament galaxies, due to the large uncertainties, we find no statistically significant evolution over the redshift range considered. We can compare our results with the cosmic-average colour values obtained from Blanton et al. (2003) , where they measure the 0.1 (g − r) value by fitting the luminosity function at z = 0.1 using SDSS galaxies. In their study, the 0.1 (g − r) value obtained at z = 0.1 is 0.73 ± 0.04. In order estimate the evolution of the colour as a function of redshift, we use the LF evolution parameters of Loveday et al. (2012) . The colour, 0.1 (g − r) 4 , of the universe changes from 0.43 at z = 0.33, 0.37 at z = 0.44, to 0.33 at z = 0.53. Using the best-fit parametric luminosity function from Loveday et al. (2012) , the colour as a function of redshift is shown in Figure 7 , where we also over-plot the colour measurements from filaments obtained by this study. The colours of filament galaxies are consistent with the universal average colour, given the uncertainties.
In summary, the picture that emerges is that, within the uncertainties, the mass-to-light ratios, stellar-to-total mass fraction and the colours are statistically consistent with the cosmic averages. One interpretation of this is that both the stellar mass fractions as a function of halo mass, and the halo abundances in the filament environment are close to the cosmic averages. Due to the large error bars, it is hard to put strong constraints on the redshift dependence of these quantities.
CONCLUSION
The key results of this paper are the first measurements of the mass-to-light ratio and stellar mass fraction of filaments in the cosmic web. To achieve this goal, following the procedure outlined in Epps & Hudson (2017) , we reproduced the masses of stacked filaments between LRG pairs. Using a consistent scheme for stacking, we then produced the 2D projected luminosity and stellar mass density maps of the stacked filaments. We show that the luminosity maps of the filaments have a characteristic cylindrical radius r c = 0.47 ± 0.07h −1 Mpc. We conducted these analyses for two independent LRG samples (LOWZ and CMASS) at different redshifts, but over the limited redshift range, there is no significant evolution of the M total /L total or M stellar /M total . The M stellar /M total values and average colours of galaxies in filaments are consistent with the universal averages. In summary, the filaments of the cosmic web, although dominated by the dark matter, are not entirely dark.
The uncertainties remain large for this analysis, given current data. The advent of other surveys could do help to provide more accurate and precise measurements. such as Euclid (Laureijs et al. 2011 ) and WFIRST (Spergel et al. 2015) will improve the weak lensing measurements by orders of magnitude while proposed spectroscopic missions such as ATLAS probe (Wang et al. 2019 ) could map the cosmic web at high resolution. With the increase in the accuracy and completeness of different surveys, we hope to provide more reliable and complete measurements of the cosmic web.
